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RBSTRACT

Tests have been conducted on @ 38s diemeter horizontal axis wing turbine, which hed first s rotor

dowwing of the supporting truss tower snd then upwing of the . wer.

Asice from the placement of the

70tor and the direction of jotation of the drive trein, the wing turbine was identical for both

tests.
response, end nacelle ysw moments.

Three sspects of the test results sre compered: rotor blade

loads, rotor teeter

As a resuit of the tests, it s shown that while mesn flatwise

benging moments were uneffected by the placement of the rotor, cyclic flatwise bending tendeo to
incresse with wing spesd for the dowwind rotor while remaining somewhet uniform with wing speed for

the wpwind rotor, reflecting the effects of increased flow cisturbence for e downwing rotor.

Rotor

testsr response was not significantly effectad by the rotor location relstive to the tower. Lu.

sppests to reflect reduced teeter stability neer rated wind speed for both configursticas.
stability appesrs to return sbove rated wing speed, however.

Tester
Nacelle yaw sgments are higher for the

ypwing rotor but do not indicate significant gesign prablems for either configuration.

INTRODUCT ION

The M0d-0 100-kw Experimental wind Turbine loceted
near Sandusky, Ghic, has served as the major test
facility for the U. S. Large Horizontal Axis wind
Energy Pregram since inftial operstion of the
machine in 1975, The machine was designed,
fabricetea, sng has been operateg by the NASA Lewis
Research Center as 8 part of the research and
technology program under the direction of the U. S.
Departsent of Energy. Meny concepts ir current use
or plenned for future use on wind turbines nave
been first evaluates on the Mod-0 machine.

The subject of this report, a comparison of upwing
end dowwing rotor opersting charscteristics, is
the result of tests to describe the loads and
opersting characteristics of the teetereo
tip-controlled rotor with the rotor in tumn
dowwing and wwind of the tower. Preliminary
results of the downwind rotor configuration were
presented previously in reference 1, but this
report presents some new informstion for the
downwing configurstion and makes specific
comparisons with the wpwind rotor configuration.

The wind turbine test configuration was the same
for both tests, only the direction of rotation was
reversed when the rotor was put upwind of the
tower; otherwise, the wind turbine and rotor were
identical. Tests were conoucted to determine loads
end operating charscteristics of each configuration
and comparisons will be mede of the following
jtems: blace vending loaos, teeter motion, and
nacelle yaw moments.

TEST CONFIGURATION

upwing and downwing rotor tests were conoucted
the Moo-0 100-kW Experimental wing Turbine in
teeterea, tip-controlled rotor configuration
scribed previously (Refs, 1 ang 2). Toward the
of the downwind rotor test progrem ang

the upwing rotor program a hyarsulic
motor was used for the nacelle yaw drive, replacing
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the electric motor drive and double reduction worm
gears used previously for orienting the nacelle {n
yaw. This greatly simplified the yaw drive and
provided an effective method of measuring necelle
yaw torque. Otherwise, the nacelle end rotor were
unchengea from earlier tests. A schematic of the
Mod-0 nacelle with the teetereg rotor snd hydraulic
yaw drive is shown in Fig. 1. The rotor is either
downwling or upwing of the tower 8no the necelle is
tilted 8-1/2°0 to provige tower clearance for tne
unconed rotor. Wind speegd snd nacelle yaw sengle
are measured on the anemometer/windvane mounteo
atop the nacelle as shown In Fig. 1.

Orive train slip was 4.66% for the downwind rotor
tests ang only 2.32% for the upwind rotor tests,
which resulted in g 33.0 rpe rotor spesd at 100 kw
for the dowwind tests &0 8 32.6 rpm rotor speed
8t 100 kw for the upwind rotor tests.

Tower

The wind turbine is mounted on the Mod-0 open-truss
tower; however, an adjustable spring base has been
sdded to provide capability for simulating verious
tower flexibilities (Ref. 3). The tower first
cantilever bending frequency for this test
configuration was measured to be 1.6 to 1.7 Hz or
2.9 to 3.1 times the rotor speed at 33 rpm. The
flexible tower base adds lm to the rotor axis
height placing it 31.4m above the ground at the
tower centerline. Fig. 3 shows the wing turbine on
the tower and glsn presents parameter definitions
and sign conventions pertinent to the upwind ang
downwino rotor configurations.

Rotor

The teetereg, tip-controlled rotor is depicteg in
Fig. 3. The rotor is unconeo, the blaces have a
22% root cutout, anc the outer 30X of span is
pitchable. The blade section is a NACA 23024
airfoil from root to tip, an0 speed end power
control is achieved by pitching the blade tip about
its 25% chord point. The tip is capsble of pitch
angle changes from «]00 to the full feather



position at -907. The tip is Criven by @
fydreulic ectuator snd the yotor is stgooo by
featheriig the bleds tip at a rate of 2° per
sscond. Rotor end Dlede cherecteristics are

pressnted in Teble 1.
Teble ] - Rotor Oherscteristics

Rotor diemeter, m (ft) . . . . . . . 37.95 (12..9)

Root cutout, X spad . . . . . . . R &
Tipcontrol, X spen . . . . .. . .. [ ]
Blade pitch, indb'0O section, deg. . . . . . . Zero
Afrfoil (root to tlp) .. ... ... NACA 23024
Teper . . <« ¢ v s+ o . c e s e s o e« Linesr
Tuist, dog . . . . . . . . .. e s e . lero
Soldadty « « . ¢ 4 f .ttt i e e e e . 0.033
Precone, 08Q . . « « « o« « = « o = « o o » . lero
Max. teeter @otion, deg . . . . . . . . .

Rotor speed @ 100 k¥, rpw
DOrive train slip @ 100 kw, percent

UWewindRotor . . . . . . .. . .. .« .. 4.66
Dowwind ROtor . . . . . . . .. e e e 2.3
Blade mass, kg () . . ... ... 1815 (4000)
Blede LOCK NUADET . . « . « « + o o & « = » 6.56
Blede first centilever bending
frequency
Flepwise - M2 . . . . . . ... ... .. 1.76
Edgewise - Hz e e e e e e e e 1.90

The teetered hub is depicteg in Fig. 3; it was
designes to mate with the Mod-0 low speed shaft at
the original nub-shaft interface. The teetered
b provides cepability for epproximately 26°

of teeter sotion with initigl contact with the
stop occurring et approximately 25.89. The

stops were designed to be easily replaceshle
shoulo they become or worn gduring he test
progren; this festure has been used seversl times
to dste.

TEST RESULTS

Tests on the wing turbine in the upwing and
dowrwind rotor configurations were designed to
obtain losds ano opersting characteristics for
each configuretion and the items compared in this
report include bending moments on the blades,
rotor teeter response, ang nacelle yaw moments,

It was also desirable to define rotor serodynamic
performance but thls was not possible using the
necelle wind speed measurement which was available
for the tests.

Analysis of the test cata mekes use of the bins
anelysis techniques, (Ref, 4) that have been used
extensively in the past in the evalustior of wing
turbine operationel dete. TWhe results presentec
in this paper will use tems that are common in
this type of analysis ang have been described in
previous reports. These temms, such as mean and
cyclic values and median value of a given "™vin® of
data, are described in Fig. 4 for the convenience
of the reader. The test results are g statistical
presentation of data that nave been sorted inte
"bins” or specific intervals of an independent
varisble, such as nacelle wind speed or nacelle
yaw angle. A single revolution of the rotor
proviges a osts point, and typically anywhere from
2000 to 10,000 cata points comprise a cata set
used in the bins analysis.

Rotor Power

™a wwind end downwind rotor tests did not
provide sgsguate dete for a comparison of the
sotor performsnce for wwind end dowwing rotors
o8 would be inaicated by powsr output as »
function of wind speed. The varistion in rotor
powsr Detwesn an upwing end 8 0owwind rotor wing
turbine has been predicted to be less than 5%, snd
the enesometer ussd in the Mod-0 wind eng
dowwing TOtor tests was not eccurate enough to
distinguish aifferences this small; therefore, &
comparison is not presented. Rotor perforasnce as
a function of the wing speed messuyved on the
nacelle was obtained, eng indiceteo s reted wind
spead (i.e., wind speed at which 100 kw of
slternator power is proouced) of 9.4 a/s for the
Wwwind rotor snd 7.3 w/s for the dowwing rotor.
The reted wing speed valuss are not corrected for
local interference effects and differences in slip
in the drive train; therefore the actusl values
are unimportant as a basis of comparison of the
two configurations. However, the rated wing
speeds sre iasportant in understanding the data
presented in the following sections comparing the
configurations, These gata are shown as @
function of necelle wind speed end different
behavior is noted as the control system becomes
active to regulate power. Whis aeies rated wing
speed en isportent point. Unfortunstely, a
comparison of rotor perforsence must wait for a
more accursie wing measuring system,

A new arrey of wing instrumentation has recently
been installed st the Mod-0 wing turbine site ang
rotor performance tests are plenned for esrly
spring 1981. Once operationel, this system will
maike it possible to accurately define rotor
performance.

Blade Bending Moments

Flatwise rotor blade bending moments at blade
station 13.2]1 for the downwind end the upwino
rotor are shown in Fig. S and Fig. 6. Station
13.2]1 is on the pitchable tip near the 70X span
point of the blgde and the data shown represents
bending parallel and perpendicular to the
chordplane of the blacde, but not elways alignea
with the rotor plane. Flatwise bencing moments
are loads shioh produce blede deflections which
are generally perpendicular to the rotor plane;
chordwise bending moments produce deflections
which are generally in the plane of the rotor.
Mean fistwice bencing moments incresse as wind
speed increases until rated wind speed is
sttained. At this point the control system is
active anc the plades are pitched towarg feather
to maintsin a power level of 100 kw, Above rsted
wing spee0 rotor thrust is decreaseg as the wind
speed increases; this is reflected in reduced
blade bending moments. The trend appears to be
the same for both the downwind and the wwing
rotor (Fig. Se and Fig. 68) though the Cats sample
for the wwino rotor dio not contain enocugh hign
wind speed data to cdefine the ywing rotor
response at higher wing speeds. Mean bending
logos peak at the same value and drop off at rateo
win¢ speeo, indicating that both configurstions
are experiencing approximateiy the same level of
rotor thrust st rated conaition.



The main gifference betwesn upwind and downwing
blade loads eppears in the cyclic component of the
bending moment (Fig. 50 end Fig. &). While mean
bending loeds are releted to rotor thrust and
decresse at wing speeds sbove reted conditions,
cyclic flatwise bending loeds are related to flow
disturbances that occur as the rotor bleso
completes esch revolution. In the cyclic olede
bending cata (Fig. Sb), the cownwind rotor shows a
trend that increases with wind speed while the
upwin¢ rotor (Fig. &) does not sppeer to incicate
this trend. The tendency of the downwind rotor
loads to increase witn wind speed is consistent
with the effects of tower shadow, which become
sore pronounced as wind speed increases. The
wpwing rotor does not experience this disturbance,
as demonstrated by the deta in Fig. .

Three stations along the rotor blade were
instrumented for blade bending, but problems with
the instrumentaion unfortunately prevented
obtaining reliable data from both configurations
at other stations.

No differences were noted in blade chordwise
bending and this dats was not included in the

paper.
Rotor Teeter Response

Rotor teeter response for downwind 8nd upwind
rotors are compared in Fig. 7 sna Fig. 8. Cyclic
teeter angles as a function of wing speed ang yaw
angle inaicated on the nacelle are shown for both
configurations.

T™he median values of teeter angle show NG
discernable trend with wino speeg for either
configuration (Fig. 7s and Fig. 8a), but the
maximum values show a tendency to increase with
wind speed until reted wind speed is reached, at
which point the maximum values show 8 decreasing
trend. we feel that this tendency of the rotor
teeter response to peak at rated wind speed is
a@ssociated with an approaching instability in the
rotor as the blsde stall margin decresses. Local
stall occurs when the wind speed increases to the
point that the local angle of attack on the blade
exceeds the airfoil stall point. As the blade
operates nesrer the stall point, the rotor stall
margin is reouced. At wino speeds sbove v-ratea,
the blade tips are pitched to reduce the blade
angle of attack, which increases the stall mergin
of the tip of the blade and ados stability to the
teetered rotor. We plan adoitional tests to
verify this theory.

Teeter angle as a function of yaw angle, as
inaicated on the nacelle, is shown for the
dowrwind rotor in Fig. 7 and for trhe upwing rotor
in Fig. 8b. The downwing rotor case &xhibits 8
slignt tendency for teeter angle to increase as
yaw angle increases, whereas the upwing rotor
reaches a maximum value at 8 Sgaw angle of 10°
and shows 8 second peak at 35°. The reason for
this benavior around 100 uf yaw angle {s not
ungerstood, but the increase at 350 is
consistent with similar behavior on the downwind
rotor end appears to be connected with the rotor
direction of rotation.

The rotor testsr responss for the Gownwind rotor
differs from that presented in an earlier report
(Ref. 1). The tester dete shown in this report
was taken from e date set which wes teilores to
resasble the data set which was yielded by the
wwing rotor tests. The deta set usad In the
earlisr zeport contained sore nigh wind data, ang
perhaps more importently, dsta that were more
turbulent in terms of wing speed send azimuthal
variations and was not felt to be a proper besis
for 8 comparison,

Nacelle vaw Moment Tests

Tests were run on the wind turbine to determine
the effect of yaw angle on nacelle yaw soment. To
acquire the necesary dsta, the wind turbine was
synchronized with the utility grid at 33 rpo with
the yaw brake released, the machine was yawed out
of the wing approximately 300, the ygw motor was
deactivated, and data were tsken for a period of
30 minutes, allowing only the varistion in wing
direction to vary yaw angle. This process was
repested for a mean yew angle of -30°, the cata
sets were combined, ang bins analysis was
performed to determine the effect of yaw angle on
nacelle ysw moment. The tests were performed on
both the upwind ang the downwing rotor and the
results are shown in Fig. 9 ano Fig. 10. Yaw
torque data were taken on the yaw shaft torque
gege shown in Fig. 1, which have been converted to
nacelle yaw moment for the convenlence of the
reader. Yew angle was measured oh the nacelle
mounted wing vane.

Test results for the gownwing rotor shown in Fig.
9 indicate that mean values of nacelle yaw moment
remained relatively constant at -6900 N-m over the
rage of yaw angles from -30°0 to 40°. At

- the yaw moment increases and passes through
zero at -S30. The dats point st +45% also
inaicates 8 trend toward zerc yaw moment; however,
the data set provided no information past this
point. The point of zero yaw moment corresponds
well with @ "free yaw" equilibrium point of 500,
which was obtained in free yaw tests on this
configuretion of the wing turbine and edds to our
confidence in the validity of the ysw moment deta.

Cyclic yaw moments show no particular trend except
for the slignt decrease in the meoian value around
8 yaw angle of -50°, near the point of zero yaw
moment. Both cyclic and mean yaw moments for the
gownwing rotor are very well behaved when compared
with these terms for the upwing rotor, which tend
to be more variasble, i.e., have larger standard
deviations in each of the bins,

For the wwino rotor, mean yaw moments (Fig. 10s8),
tend to increase with yaw angle and pesk at 8 yaw
angle of +a00, where the trena sppears to

reverse with the yaw moments decreasing, as we
approach the limits of the data set. The point of
zero yaw moment occurs at a yaw angle of
approximately -50°, very near the point of zero
yaw moment indicated for the cownwind rotor.
However we csn place no particular significance on
this coinciogence.



The cyclic component of the nacelle yaw moment for
the wwind rotor (Fig. lOb) shows the same trend
es the meen component, i.e., incressing with
ircreasing yew angle. The two components, ssan
ang cyclic, showed similer trends for the downwind
rotor slso. However, as mentioned sbove, the
msgnituce and the veriablility of the cyclic
component ingicetes that the upwind teetered rotor
is less well behaved when compared with 8 dowwing
rotor.

The median of the msan component of yaw moment for
the downwind rotor was measured to be -6900 N-m
for yaw angles between -30° and +a0C. The yaw
moment caused by the 8-1/20 tilt of the nacelle
while 100 kw is being produced by the rotor is
-5350 N-m, which indicates that the mejor portion
of the mean yaw moment measured on the dowhwing
rotor machine was oue to the tilt in the nacelle.
These tests will be repested later this yesr on s
twular tower with the rotor tilt removed, and the
yaw moment ena "free ygw" chgracteristics will
again be evaluated.

The results of the yaw moment tests indicate that
from the viewpoint of yaw forces, 8 cownwing rotor
is to de preferred over an upwind rotor. Both
mean and cyclic yaw forces were higher for the
wwing rotor, indicating the need for more power
and damping in the yaw drive mechanism ang the
potential for increased fatigue. There was no
inojcation that the upwing rotor presented
particularly oifficult design problems with
respect to yaw loads, however.

CONCLUDING REMARKS

Tests hagve been conducted on a 100 kw horfzontal
exis wing turbine having first @ rotor downwing of
the swporting truss tower end then wpwind of the
tower. Aside from the placement of the rotor and
the direction of rotstion relstive to the nacelle,
the wino turbines tested were identical. Three
aspects of the test results were compared: rotor
blade benoing loads, rotor teeter response, ang
nacelle yaw moments. Conclusions based on the
comparisons are presented below:

1. Cyclic flatwise bending moments are higher
for the downwind rotor and incresse with wina
speed, reflecting the flow disturbance crested by
the tower. Cyclic bending moments for the upwind
rotor appear to be relstively unaffected by wing
speed. Mean flatwise bending moments were the
same for wwind and downwind rotors.

2. Rotor teeter response sppesrs to indicete
8 tendercy toward teeter instability near rateo
wing speed for both upwind and downwire rotors.
Further testing i{s renuired to verify this
conclusion. No significant gifferences were noted
between wwind rotor andg downwind rotor teeter
response.

3. Nacelle yaw moments were smaller for tre
downwind rotor but the increasec yaw loaOds on the
wwing rotor go not indicate significant design
problems.

4.
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